Background: The increased prevalence of non-alcoholic fatty liver disease (NAFLD) in type 2 diabetes mellitus (T2DM) patients is becoming a worldwide health burden. Studies have indicated, however, that the onset of NAFLD occurs during pre-diabetes, a condition that often precedes the onset of T2DM. Oleanolic acid has been reported to improve glucose homeostasis in diet-induced pre-diabetes; however, the effects of this triterpene on liver function have not been evaluated. Purpose: This study was aimed at evaluating the therapeutic effects of oleanolic acid (OA) on selected markers of NAFLD in a pre-diabetes rat model. Methods and materials: Pre-diabetes was induced by exposing Sprague Dawley rats to a high-fat high-carbohydrate diet for 20 weeks. The pre-diabetic rats were then treated with OA (80 mg/kg) or metformin (500 mg/kg) in the presence and absence of dietary interventions for a period of 12 weeks. The effects of OA were evaluated on parameters including plasma triglycerides (TGs), very low-density lipoprotein (VLDL) particles, bilirubin, AST, ALT, SREBP and antioxidant profile while the livers were collected for histological analysis. Results: The findings of this study showed that the administration of OA to pre-diabetic rats ameliorated body/liver weights ratio and significantly decreased plasma triglycerides (TGs) and VLDL. Furthermore, OA also ameliorated hepatic oxidative stress, lowered the SREBP expression and intrahepatic TGs. In addition, OA administration decreased plasma concentrations of bilirubin and liver damage enzyme biomarkers. Conclusion: The findings of the study suggest that OA ameliorates the risk of developing pre-diabetes-related NAFLD through the prevention of intrahepatic fat accumulation while also lowering hepatic inflammation.
Introduction
Non-alcoholic fatty liver disease (NAFLD) is conventionally defined as the spectrum of clinicopathologic conditions that are characterized by hepatocyte lipid infiltration without any excessive alcohol consumption. 1 The prevalence of NAFLD worldwide is approximately 25% and in patients with type 2 diabetes mellitus (T2DM), it is about 67-80 %. 2, 3 However, there is barely any knowledge on the prevalence of this condition in pre-diabetes. 3 This may be due to the invasive nature of diagnosis which requires a liver biopsy for accurate diagnosis. [3] [4] [5] Some of the underlying risk factors that may lead to the development of NAFLD include dysregulation of hepatic glucose homeostasis accompanied by insulin resistance and hyperinsulinemia. 5, 6 Co-existence of these conditions are directly linked with the dysregulation of peripheral lipolysis and increased hepatic de-novo lipogenesis as a result of increased expression of sterol regulatory element-binding protein (SREBP1c) and subsequent accumulation of non-esterified fatty acids (NEFA). 7 This may lead to increased hepatocellular free fatty acid flux and resultant accumulation of cytoplasmic diacylglycerol (DAG) in the hepatocytes. 8 The hepatic accumulation of DAG and free fatty acids (FFA) is directly linked with an elevation of triglycerides (TG) through transesterification. 9 Overall, this hepatic fat accumulation is linked with complications such as hepatocyte inflammation, hepatocellular ballooning degeneration, hepatocellular fibrosis and consequently cirrhosis without any history of excessive alcohol consumption. 10, 11 These complications are associated with hepatocyte injuries which lead to the release of transaminases enzymes such as alanine transaminase (ALT) and aspartate transaminase (AST) into the circulation and hence, the risk for developing NAFLD. 4 Moreover, hepatic fat accumulation causes increased lipid peroxidation which is associated with compromised antioxidant capacity which leads to oxidative stress. Intrahepatic fat accumulation and oxidative stress are directly linked with the onset of steatohepatitis. 12 In addition, insulin resistance and hepatic fat accumulation have been implicated in the reduction of circulating total bilirubin which is also associated with the progression of hepatic steatosis to fibrosis. 12 Conventional therapeutic strategies for diabetes-associated NAFLD include the combination of lifestyle modifications with insulin-sensitizing drugs, and antioxidants. 13 However, these are prescribed at advanced stages of NAFLD and are associated with side-effects that may counteract the amelioration of the disease. 14 Previous studies in our laboratory have reported that oleanolic acid (OA) improves insulin sensitivity and has cardio-protective effects in the pre-diabetic state even in the absence of dietary modifications. 15 However, no studies have been done to investigate the effects of hepato-protective effects of this compound during prediabetes. Hence, this study was designed to evaluate whether plant-derived OA can reverse the early stages of NAFLD and restore liver function in a diet-induced pre-diabetes rat model.
Methods and materials

Drugs and chemicals
All chemicals and reagents were sourced from standard pharmaceutical suppliers and were of analytical grade.
Extraction method
The extraction of OA was done using a well-established protocol which is explained in detail in previous publications. 15 
Animal studies
Male Sprague-Dawley rats (130-160 g) used in this study were bred and housed in the Biomedical Research Unit of the University of KwaZulu-Natal. The animals were maintained under standard laboratory conditions of constant temperature (22±2°C), CO 2 content (<5000 p.m.), relative humidity (55 ±5%) and illumination (12 hrs light/dark cycle, lights on at 07h00). The noise level was maintained at less than 65 decibels. The animals were allowed access to food and fluids ad libitum. All animal procedures and housing conditions were approved by the Animal Research Ethics Committee of the University of KwaZulu-Natal which subscribes to the principles and guidelines of Canadian Council on Animal Care (ethics no: AREC/035/016M). The animals acclimatized to their new environment for 1 week while consuming standard rat chow and tap water before exposure to a well-established experimental high-fat high-carbohydrate (HFHC) diet.
Experimental design
Experimental pre-diabetes was induced in male SpragueDawley rats (n=36) using a previously described protocol.
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The pre-diabetic animals were further sub-divided into six groups each group having six rats (n=6). The groups were as follows: pre-diabetic control group (PC) which were the prediabetic animals that continued with the experimental diet throughout the study period; metformin group (MET) which were the pre-diabetic animals that continued with the experimental diet but received metformin during treatment period; metformin and diet intervention group (MET + DI) which were the pre-diabetic animals that changed to a normal diet and received metformin during treatment period; oleanolic acid group (OA) which were the pre-diabetic animals that continued with experimental diet but received oleanolic acid during treatment period as well as OA and diet intervention group (OA + DI) which were the pre-diabetic animals that changed to a normal diet and received oleanolic acid during experimental period. Animals that served as normal controls (NPC) were those that were fed standard rat chow and diagnosed as without pre-diabetes.
Treatment of pre-diabetic animals
The treatment period lasted for 12 weeks. The animals were treated every third day where the MET and MET + DI groups Biochemical and histological analysis SREBP were analyzed using their respective rat ELISA kits (Elabscience Biotechnology Co., Ltd) according to the manufacturer's instructions. Liver damage biomarkers including alanine aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBIL) were measured in plasma using IDEXX instrument (IDEXX laboratories (PTY) Ltd. Pretoria, South Africa). Liver histology analysis was done using a previously described protocol.
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Hepatic oxidative stress
The concentrations of both GPx and SOD were measured using specific ELISA kits from Elabscience following the manufacturer's instructions. Liver malondialdehyde (MDA) was measured using a well-established protocol explained by Gamede et al.
MDA concentration ¼ A532 nm À A600 nm 1:56
Plasma lipid analysis
Plasma samples were sent to Global Clinical and Viral laboratories (Amanzimtoti, South Africa) for the quantification of plasma triglycerides. Plasma VLDL concentrations were calculated using the Friedewald formula:
Statistical analysis
All data were expressed as means ± S.E.M. Statistical comparisons were performed with GraphPadInStat Software (version 5.00, Graph Pad Software, Inc., San Diego, California, USA) using two-way analysis of variance (ANOVA) followed by Bonferroni post hoc comparison test. A value of p<0.05 was considered statistically significant.
Results
Liver and body weights
At the end of the treatment period, the body weights of all experimental groups were measured before sacrifice. Following sacrifice, the livers were harvested and weighed. The PC group had significantly higher liver and body weights when compared to NPC. The OA-treated groups had significantly lower liver and body weights in comparison to PC (p<0.05) ( Table 1) .
Very low-density lipoprotein (VLDL)
Plasma triglycerides (TGs) of all experimental groups were monitored every fourth week of the treatment period (weeks 0, 4, 8 and 12) and VLDL-cholesterol particles (VLDL-C) were calculated from those TGs. The results showed that from the beginning to the end of the treatment period, PC had a significantly higher TGs and VLDL-C concentration when compared to NPC (p<0.05). However, the animals that were treated with OA (OA and OA + DI) showed a progressive significant decrease in TGs and Figure 2A and B). The administration of metformin alone showed no significant improvement in TGs and VLDL-C particularly during the 12th week of the study. However, MET + DI showed a progressive significant decrease in TGs and VLDL-C by comparison to PC (p<0.05) (See Figure 1) .
Intrahepatic triglycerides and sterol regulatory element-binding protein (SREBP)
All experimental groups were sacrificed at the end of the treatment period (week 12) and the plasma SREBP concentration was measured using the ELISA kit while hepatic triglycerides were measured using tissue triglycerides assay kit. The results showed that plasma SREBP concentration of PC was significantly higher than of NPC (p<0.05). Both OA-treated groups, ie, OA and OA + DI, had a significantly lower SREBP concentration when compared to PC. Similar results were obtained for the metformin-treated animals (MET and MET + DI) ( Figure 2A ). The intrahepatic triglycerides also followed the same trend as SREBP, ie, all the treated groups had a significant lower intrahepatic triglyceride in comparison to pre-diabetic control (PC) ( Figure 2B )
Total bilirubin
All experimental groups were sacrificed at the end of the treatment period (week 12) and the plasma total-bilirubin concentration was measured. The results showed that the pre-diabetic control (PC) had a significantly lower plasma Abbreviations: NPC, non-pre-diabetes control; PC, pre-diabetes control; MET, metformin treated; MET + DI, metformin with diet intervention; OA, oleanolic acid treated; OA + DI, oleanolic acid. Abbreviations: NPC, non-pre-diabetes control; PC, pre-diabetes control; MET, metformin treated; MET + DI, metformin with diet intervention; OA, oleanolic acid treated; OA + DI, oleanolic acid.
TBIL concentration in comparison to normal control (NPC) (p<0.05). OA treatment also resulted in a significant increase in TBIL levels when compared to PC (p<0.05). Similar results were obtained for the metformin-treated groups ( Figure 3 ).
Liver transaminase enzymes
All experimental groups were sacrificed at the end of the treatment period (week 12) and the plasma transaminases were measured. The results showed that both plasma ALT and AST concentrations of the PC group were significantly higher when compared to the NPC group (p<0.05). However, the administration of OA (OA and OA + DI)
showed a significant decrease in both ALT and AST when compared to PC ( Figure 4A and B).
Liver oxidative status
All experimental groups were sacrificed at the end of the treatment period (week 12) and the liver oxidative stress markers including malondialdehyde (MDA) concentration and antioxidant enzyme activity, ie, GPx and SOD activity, were measured. The results showed that pre-diabetic animals (PC) had increased oxidative stress in comparison with NPC. This was evident by the high levels of MDA accompanied with decrease GPx and SOD activity in PC. However, the treatment with OA, with and without dietary intervention, resulted in improved antioxidant enzyme activity and the subsequent decrease in the hepatic MDA concentration when compared to PC (p<0.05) ( Table 2 ). The trend observed in OA-treated animals was also seen in metformin-treated animals (MET and MET + DI) (p<0.05) (see Table 2 ).
Liver histology
Liver tissues obtained from all the experimental groups were processed for histo-analysis. The histology results for PC (B) were found to have derangements including hepatic lipid accumulation and hepatocytes injuries (microvesicular and nuclei pyknosis) in comparison to non-pre-diabetic controls (A). The treatment with OA alone (E) showed some symptoms of hepatocytes regeneration including multinuclei and hyperchromsia; however, some signs of degeneration such as nuclei pyknosis were still present. Interestingly, the treatment with OA + DI (F) was able to reverse the hepatic degeneration. The trend observed in OA-treated animals were also seen in metformin-treated animals (MET and MET + DI) (see Figure 5 ). 
Discussion
Over the last few decades, the prevalence of metabolic disorders such as non-alcoholic fatty liver disease (NAFLD) has been increasing. 20, 21 This may be attributed to chronic consumption of high caloric diets and sedentary lifestyles.
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Various diet-induced animal models have been developed to study the pathogenesis of diabetes and the associated metabolic disorders. 23 Recent studies in our laboratory have reported that prolonged consumption of a high-fat high-carbohydrate (HFHC) diet leads to the development of prediabetes. 17 This condition is characterized by complications including hypertriglyceridemia, insulin resistance and hyperinsulinemia which are risk factors for the development of NAFLD. 16, 24 The conventional management of NAFLD involves the combination of insulin sensitizers and lifestyle modification therapy which include exercise and dietary modification. 25 However, pharmacological therapy is normally prescribed during T2DM while low patient compliance has been reported with regard to lifestyle modifications. 26 Therefore, new drugs that will be able to promote glycemic control as well as have hepatoprotective effects in both the absence and presence of lifestyle modification are needed. The current study investigated the effects of plant-derived oleanolic acid with and without dietary intervention on NAFLD arising from diet-induced pre-diabetes in a rat model. In this study, the untreated pre-diabetic animals were found to have increased liver weights. The increase in liver weights may be attributed to the accumulation of lipids in hepatocytes as was demonstrated by the presence of histologic microvesicular steatosis that was observed in the untreated pre-diabetic animals. 27 Microvesicular steatosis results from increased intrahepatic fat deposition which may be attributed to the increased hepatic FFA influx from various sources including a HFHC diet, lipolysis or de novo lipogenesis. 28, 29 This may be symbolic of the early stages of hepatomegaly which is known to precede the onset of NAFLD. 30 Moreover, the untreated pre-diabetic animals also had increased body weight which may suggest the pre-diabetic animals had ectopic fats which are highly susceptible to lipolysis and the subsequent increased hepatic FFA influx. 31 However, the administration of OA with and without diet intervention resulted in normalization of both liver and body weights as well as elevation of histologic microvesicular steatosis. This may suggest that OA was able to lower total body fat content and eventually lower the hepatic FFA influx. These findings may be attributed to the previously reported effects of OA which suggest that OA lowers caloric intake by restoring the coordination between ghrelin and leptin to regulate food intake and the resultant total body fat content. 16 Moreover, OA has been reported to improve insulin sensitivity in peripheral organs such as skeletal muscle and thus attenuate hyperglycemia in a pre-diabetic rat model. 17 This lowers the hepatic glucose influx which subsequently results in a decrease in hepatic lipogenesis. 16, 32 However, OA + DI had more pronounced effects which may suggest that diet intervention may have also contributed in the reduction of liver weight and total body fat content. This may happen through minimizing the daily caloric intake which lowers the amount of energy that is stored in the form of fats, hence, a decrease in hepatic FFA influx. 33 The derangements in lipid metabolism as a result of increased caloric intake, adipose tissue insulin resistance or lipolysis are highly associated with increased circulating FFA and low-density lipoprotein cholesterol particles (LDL-C) in the liver. 34 The current study also observed that pre-diabetic animals had sustained a high level of circulating TGs and VLDL-C particles in pre-diabetic animals which also correlated with increased expression of SREBP and intrahepatic triglycerides concentration. The observed high circulating TGs and VLDL particles may also be attributed to increased FFA production from lipolysis of adipose tissue due to insulin resistance. 35, 36 The insulin resistance is associated with activation of hormone-sensitive lipase (HSL) and as a result it increases circulating FFA. The fate of plasma FFA include being esterified and stored in the liver as triglycerides as well as being carried by VLDL-C to the tissues for production of energy. The reduced insulin sensitivity in peripheral organs such as skeletal muscle and adipose tissue may lead to elevation of circulating glucose. 37 During prediabetes or insulin resistance, the fate of circulating glucose results in increased influx in organs such as liver that can take up glucose independently of insulin. 38, 39 The increase in hepatic glucose influx may result in glucotoxicity and increased hepatic de novo lipogenesis from glucose metabolites such as of dihydroxy acetone phosphate (DHAP). DHAP is one of the precursors of TGs synthesis that comes from the hepatic glycolysis pathway; thus, an increase in DHAP might result in intrahepatic accumulation. 40 Hepatic de novo lipogenesis is regulated by proteins including sterol regulatory element-binding proteins (SREBP) and its isoforms (SREBP-1c and SREBP-2). 41 An increase of SREBP expression enhances the process of hepatic de novo lipogenesis. 42 Hyperinsulinemia also exacerbates the expression of SREPB and its isoform (SREBP-1c) and consequently leads to intrahepatic lipid accumulation resulting in hepatocyte degeneration. 43 Therefore, the high levels of SREBP and the concurrent intrahepatic triglycerides observed in this study may be attributed to the coexistence of hyperglycemia and hyperinsulinemia. 38, 39 Interestingly, the treatment with OA with and without dietary intervention resulted in decreased circulating TGs and VLDL-C. Furthermore, OA treatment also caused decreased SREBP and intrahepatic triglycerides concentrations. Previous studies in our laboratory have shown that the administration of OA is associated with improvement of insulin sensitivity and glucose uptake by the peripheral cells. 15, 44 This may suggest that OA is able to sensitize the cells for insulin and suppress the hormonesensitive lipase (HSL) which inhibit adipose tissue lipolysis and consequently decreasing circulating TGs and VLDL-C particles. 45 This may also result in the reduction of hepatic microvesicular steatosis thus preventing the onset of NAFLD. 46, 47 Moreover, OA has also been reported to reduce the risk of developing cardiovascular disease by lowering LDL-C particles while increasing high-density lipoprotein cholesterol (HDL-C) particles. 16, 17 These findings correlated with the previous study that reported that derivatives of OA such as 3-acetyl-oleanolic acid have also been shown to lower intrahepatic total cholesterol (TC), TGs and macrovesicular steatosis in high-fat diet-fed rats. 16, 18, 48 While the observed decrease in plasma TGs and VLDLs may partly be attributed to dietary intervention, it may also be ascribed to the insulinsensitizing effects of OA. Many studies have reported that OA improves insulin sensitivity in animal models of metabolic syndrome and diabetes. 49, 50 A recent study in our laboratory reported that this model of prediabetes has high levels of systemic ROS as a result of lipotoxicity. 17 In addition, augmented FFA influx into the liver is also associated with hepatocyte degeneration including ballooning and inflammation which subsequently lead to non-alcoholic steatohepatitis (NASH). 51 The current findings also demonstrated that during pre-diabetes there is augmented circulating and intrahepatic triglycerides which is directly associated with lipotoxicity and generation of reactive oxygen species (ROS). 28 Under normal physiological conditions, ROS play an important role as a defense mechanism against microorganisms. 49, 52 In pre-diabetes however, there is an overproduction of ROS leading to mitochondrial dysfunction. 53 Hepatic oxidative stress is implicated in the progression of hepatic steatosis to cirrhosis. 54 The current study observed that pre-diabetic animals had increased levels of malondialdehyde (MDA) and compromised antioxidant levels. MDA is a reactive metabolite produced by the reaction between the ROS and saturated fatty acids found on the cell membrane lipid bilayers, a process called lipid peroxidation. 55 The increase in MDA levels correlated with a decrease in hepatic SOD and GPx concentrations in the untreated pre-diabetic animals. However, treatment with OA and dietary intervention resulted in normalization of hepatic MDA and improved SOD and GPx concentrations. Another recent study in our laboratory reported that OA is able to ameliorate pre-diabetes-induced high lipid peroxidation and oxidative stress. 16 These findings correlated with the results reported by Yi et al, that OA and betulinic acid have hepatoprotective effects. 56 This study stated that the possible mechanism involved in the antioxidant activity of these triterpenes might include the suppression of the liver-damaging enzyme activity while increasing the production of the antioxidant enzymes such as GPx and SOD. 56 The current study also observed that pre-diabetic animals also had low levels of circulating total bilirubin. Bilirubin is a by-product of the catabolism of red blood cells and is also synthesized by hepatocytes. 57 The correlation between the increased antioxidant capacity and low levels of plasma transaminases enzymes with high levels of circulating total bilirubin have been reported. 58 Furthermore, bilirubin has been reported to be inversely associated with NAFLD and steatohepatitis. 57, 59 The administration of OA with and without dietary intervention resulted in the elevation of circulating total bilirubin. This is attributed to the antioxidant activity and cytoprotective effects of bilirubin. 60 This could explain the attenuation of hepatocytes inflammation observed through elevation of steatotic inflammatory histological features such as nuclei pyknosis. 61 Moreover, bilirubin has also been reported to have protective effects against cardiovascular diseases such as atherogenesis, coronary artery disease, as well as peripheral arterial diseases. 62 Other clinical markers used in the detection of liver damage include aminotransferase enzymes such as alanine aminotransferase (ALT) and aspartate aminotransferase (AST). The increase of these liver enzymes in the circulation of untreated pre-diabetic rats may be attributed to hepatocyte damage as a result of intrahepatic lipid accumulation and peroxidation. 63 The elevation of these enzymes has been widely associated with intrahepatic FFA accumulation and hepatocytes injury; hence, they are used for the diagnosis of NAFLD. 64 Therefore, the decrease of plasma ALT and AST following OA administration may suggest that OA can protect against hepatocyte injury. 42,65 Some of these effects of OA were comparable with the previously reported therapeutic properties of metformin such as reduction of hepatic glucose production and increasing peripheral utilization of glucose which are strongly dependent on life-style modification. 25, 66 Furthermore, the reduction in SREBP, intrahepatic TGs and oxidative stress that was observed in this study are mostly associated with thiazolidinediones that need to be used in conjunction with dietary intervention. 67 This may suggest that use of OA in both the presence and absence of dietary intervention reduces the circulating carbohydrates and lipids that would have led to NAFLD.
Conclusion
The findings of this study provide evidence that the administration of OA with and without dietary intervention has hepatoprotective properties in pre-diabetes through the reduction of circulating triglycerides and protecting against oxidative stress. This treatment also was shown to protect against hepatic structural changes such as ballooning degeneration and inflammation. These pharmacological properties of OA may suggest that OA may potentially provide another avenue for the treatment of pre-diabetes-associated NAFLD; however, further studies are required to elucidate the associated mechanisms of OA at the molecular and genetical level including genes that are involved in the fatty acid synthesis, oxidation and regulation.
